A critical requirement for high gain and low noise avalanche photodiodes is the single-carrier avalanche multiplication. We propose that the single-carrier avalanche multiplication can be achieved in materials with a limited width of the valence band resulting in a restriction of kinetic energy for holes while allowing electrons to participate in the multiplication cascade. This feature of the electric structure is not common to the majority of technologically relevant semiconductors, but it can be anticipated in chalcopyrite Cu(AlGa)Se 2 alloys based on the presented electric structure calculations. V C 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Impact ionization in semiconductors and subsequent avalanche multiplication of charge carriers is widely exploited in avalanche photodiodes (APDs), which have a wide range of applications as high-sensitivity photoreceptors.
1-3 APDs generally operate in a linear mode at a bias voltage lower than the breakdown voltage, where the output current is linearly proportional to the incident photon flux. 4 The requirements to semiconducting materials for linear APDs include high gain and low excess noise. In order to fulfill both requirements, semiconductors that feature a single-carrier type avalanche multiplication are needed.
Unfortunately, the disparity between impact ionization coefficients for electrons and holes (so-called K-factor or the impact ionization coefficient ratio) is far from its ideal value for the majority of technologically relevant semiconductors, such as Si, GaN, GaAs, (InGa)As, and InP. [5] [6] [7] [8] [9] [10] [11] It has been shown that the intrinsic multiplication noise can be further reduced (but not eliminated) by pseudograding the multiplication region with the materials of different ionization threshold energies forming a heterostructure. 12 Another extrinsic approach is to introduce an impurity band, which restricts the motion of hopping carriers while their counterparts contribute to impact ionization in a single carrier-type fashion. 13, 14 Since the impurity band is shallow, this approach requires cooling the detector down to cryogenic temperatures.
Currently, only HgCdTe APDs clearly feature intrinsic single-carrier avalanche multiplication and exhibit a practically noiseless gain of the excess of 1000. 15, 16 The composition-dependent tailorable energy band gap of the ternary (HgCd)Te alloy spans in the range of 2-10 lm, which makes this material system an attractive choice for infrared applications. 17 The exceptional characteristics of HgCdTe APDs with low cadmium content are due to exclusive impact ionization of electrons (so-called e-APD). However, in view of its low energy gap, the operation of HgCdTe APDs requires cooling down to 77-260 K in order to reduce the dark current 17 that makes this material system not suitable for room-temperature detectors.
Here, we propose the CuAl 1Àx Ga x Se 2 solid solution as a promising material system for room-temperature e-APDs. According to the electronic structure calculations, the intrinsic exclusive electron avalanche multiplication can be achieved in the CuAl 1Àx Ga x Se 2 alloy as a result of its peculiar valence band (VB) structure. It is a discontinuity in the density of valence states that precludes holes from gaining the excess energy required to produce a secondary electronhole pair. This mechanism is notably different from that in HgCdTe alloys, where the exclusive avalanche multiplication of electrons is due to a drastic difference in the mobility of electrons and holes. 18 
II. PROPOSED BAND STRUCTURE
We begin with a discussion of a hypothetical electronic band structure for a material with exclusive electron avalanche. An example of such a band structure is shown in Fig. 1 . Its characteristic feature is a limited width of the valence band, which prevents holes from gaining the excess energy equal or greater than the band gap E g in order to initiate the impact ionization. In contrast to holes, electrons accelerated by the external electric field can span the energy range E k > E g and thus initiate impact ionization. We anticipate the material with such an electronic structure to exhibit a full suppression of the counterpart carrier multiplication.
The band structure as in Fig. 1 is not common for the majority of technologically relevant group IV, III-V, and II-VI semiconductors. These materials usually have a wide valence band (much wider than E g ), and alternative mechanisms (other than those discussed in the preceding paragraph) determine the dominant type of charge carriers for avalanche multiplication. These mechanisms include the scattering due to phonons and alloy disorder, 19 ,20 but they do not provide an ultimate selectivity because of their nature. As a result, none of these semiconductors (except for Engineering of materials with an intermediate band was targeted for photovoltaic applications due to an anticipated enhancement of the energy conversion efficiency. 21, 22 This band was originally intended to provide an intermediate state for two-step photon absorption and designed to be semimetallic, which is not desired for our purpose.
It turns out that some ternary Ib-III-VI 2 chalcogenide semiconductors exhibit a narrow upper valence band, [23] [24] [25] [26] which is well-separated from the rest of valence states. Ib-III-VI 2 semiconductors and their alloys were initially intended for LED applications as their compositional variation of the band gap can span the entire visible spectrum range. Currently, this material class is actively investigated as a low-cost alternative for thin-film solar cells. [27] [28] [29] However, to the best of our knowledge, the avalanche multiplication of metal-chalcogenide semiconductors is not explored yet. Next, we proceed with analysis of the electronic structure of CuAlSe 2 .
III. RESULTS AND DISCUSSION
Under ambient conditions CuAlSe 2 crystalizes in a chalcopyrite structure shown in Fig. 2 . 30 The band structure of CuAlSe 2 presented in Fig. 3 (a) was calculated using a fullpotential linearized augmented planewave implementation 31 of the density functional theory (details can be found in the Appendix). The distinct feature of this band structure is a relatively narrow (2 eV wide) top valence band separated by 1 eV gap from the rest of the valence states. This is what we refer to as the VB discontinuity (not to confuse with the band offset that occurs at a heterostructure interface). Since the optical band gap of CuAlSe 2 exceeds the width of the upper valence band, this material system is a suitable candidate for the exclusive electron avalanche multiplication. It is important to understand the origin of the VB discontinuity in Ib-III-VI 2 chalcogenide semiconductors and its sensitivity to the choice of chemical constituents.
The uppermost valence band and its discontinuity result from the hybridization between Cu-3d and Se-4p states 23, 32 as shown in Fig. 3(c) . Although the optical gap in CuAlX 2 compounds is sensitive to the choice of anion X (S, Se, or Te), 23 the valence band width and the VB gap appearance remain practically unchanged (compare Figs. 3(a) and 4(a)). This can be attributed to a little difference in the p-orbital energy between atomic chalcogens ( Table I) . As a result, the p-d hybridization and the VB structure are qualitatively identical for all CuAlX 2 compounds (X ¼ S, Se, or Te).
On the other hand, the valence band in AgAlSe 2 ( Fig. 4(b) ) lacks the VB gap present in CuAlSe 2 , which indicates its extreme sensitivity to the choice of transition element. This difference is due to the fact that Ag-4d electrons are energetically located below Se-4p electrons (Table I) , which leads to switching the order of bands and a diminished d-character of the uppermost valence band. 32 Copper is the only group Ib transition element, whose d-orbital energy is higher than the p-orbital energy in chalcogens. Therefore, the presence of Cu is essential for the existence of the narrow top valence band.
The optical band gap of CuAlSe 2 is 2.67 eV (465 nm), 33 which makes this material an efficient absorber of blue and ultraviolet light. The question is whether it is possible to extend the sensitivity to longer wavelengths and span the covalent radii of Se and Te (1.22 vs 1.47 Å , respectively 34 ) will result in local lattice distortions and, consequently, a limited solubility of Te in CuAlSe 2 . The alternative approach is the isoelectronic substitution at the group-III sublattice. Gallium is the most favorable candidate based on the covalent radii argument (1.22 vs 1.21 Å for Ga and Al, respectively 34 ). Consequently, there is no limit in solubility for CuAl 1Àx Ga x Se 2 alloys, 35 which provides an opportunity to span the entire visible spectrum range. In our case, however, we set the upper limit for Ga content at x 0:45 in order to ensure that the width of the top valence band W VB % 2:1 eV does not exceed the optical energy gap of the solid solution, the composition dependence of which is reported in Ref. 33 .
In order to show that alloying does not affect the VB discontinuity, we performed the electronic structure calculation of CuAl 0.55 Ga 0.45 Se 2 solid solution. Due to the finite size of a supercell (64 atoms), the following stoichiometry Cu 16 Al 9 Ga 7 Se 32 was chosen to represent the alloy. Aluminum and gallium atoms were randomly distributed on the group-III sublattice that resulted in the structure shown in Fig. 5 . The corresponding band structure of such an alloy is shown in Fig. 6 . The calculations confirm the presence of VB discontinuity in the CuAl 1Àx Ga x Se 2 solid solution. Furthermore, the width W VB remains practically unchanged in comparison to the original band structure of CuAlSe 2 (Fig. 3 ).
An analysis of a projected density of states (DOS) shown in Fig. 7 provides further inside to the contribution of individual atoms to the total DOS of the CuAl 0.55 Ga 0.45 Se 2 alloy. As one can see, Cu-d with an admixture of Se-p electrons dominate in the uppermost VB as the antibonding states resulting from p-d hybridization. Their bonding counterpart is located approximately 3-6 eV below the Fermi energy.
The hybridization between the group-III metal s-states and Se-p states creates a narrow s-like bonding states with the energy of approximately 6-8 eV below the Fermi energy (Fig. 7) . The corresponding antibonding states constitute the conduction band minimum. 36 Therefore, we expect the alloy disorder in CuAl 1Àx Ga x Se 2 to reflect primarily on the conduction band. Decreasing of the optical energy gap with increasing Ga content in the CuAl 1Àx Ga x Se 2 alloy can then be attributed to the fact that Ga-s* antibonding states are located energetically below Al-s* states. At the same time, the VB discontinuity remains throughout the entire composition range x.
Next, we would like to comment on other material parameters that determine feasibility of avalanche multiplication. The simplest model of avalanche multiplication in crystalline semiconductors was proposed by Baraff 37 and further advanced by Ridley 38 and Burt. 39 The key parameters include the ionization energy threshold, the optical phonon energy, and the mean free path for carrier scattering due to optical phonons. The ionization energy threshold E i can be calculated using a detailed band structure in the full Brillouin zone. 40, 41 The allowed transitions are determined taking into account both energy and momentum conservation requirements. Our calculations yield E i ¼ 3.0 eV for CuAlSe 2 , which are significantly lower than the result anticipated from the parabolic band approximation E i ¼ 3E g =2 ¼ 4:0 eV. 42 The lower threshold energy is a favorable factor for impart ionization. The discrepancy between E i values can be largely attributed to the limited dispersion E(k) of holes, which manifests in a large discrepancy of effective masses for holes and electrons m 26 This property is related to the localized dcharacter of the upper valence band, and it is inherent to all chalcopyrite semiconductors, including CuAlSe 2 ( Fig. 3(a) ).
Measurements of transport coefficients in CuAlSe 2 indicate that the room-temperature electron mobility varies in the broad range of 35-295 cm 2 V À1 s
À1
. [43] [44] [45] [46] The variation is attributed to extrinsic factors (defects and/or impurities). The high-temperature mobility tends to decrease as a function of T À3=2 that is indicative of the thermal carrier scattering due to acoustic phonons. 46 In the case of hot carriers, the optical phonon interaction will likely become the dominant scattering and energy loss mechanism, 37,47 but there is not enough data to estimate the value of the optical phonon mean free path in CuAlSe 2 . We can only refer to the optical phonon energy, which amounts to 50 meV in CuAlSe 2 (Ref. 48 ) that is less than the corresponding value in Si (60 meV (Ref. 49) ).
Finally, we would like to discuss a possible APD device structure based on the standard p-i-n configuration (Ref. 50 , p. 689). The proposed architecture is shown in Fig. 8 . It is expected to provide high quantum efficiency and low noise, due to separation of the absorption and multiplication regions. The high value of absorption coefficient a տ 10 4 cm À1 inherent to I-III-VI 2 chalcopyrite semiconductors [51] [52] [53] suggests that the thickness of the absorption p þ region should not exceed 1 lm. The thickness of the multiplication i region should be determined empirically depending on the electric field, targeted multiplication factor, and the electron impact ionization coefficient of Cu(AlGa)Se 2 .
The p-type conductivity can be readily achieved in CuAlSe 2 and CuGaSe 2 compounds. 54, 55 In spite of some isolated successful attempts, 44, 56 n-type conductivity is not systematically achieved in wide bandgap Cu-III-VI 2 semiconductors 57, 58 due to the spontaneous formation of Cu vacancies that causes self-compensation as the Fermi level approaches the conduction band. 59, 60 This property precludes realization of a homojunction APD structure. Alternatively, n-type GaAs or GaP can be used as the substrate. Successful growth of such heterostructures has been reported earlier. 61, 62 The choice of GaAs is preferred since it forms type-I heterointerface with CuAlSe 2 and CuGaSe 2 (Ref. 63 ) that ensures barrier-free transport of electrons.
IV. CONCLUSION
Here, we proposed a band structure that favors single carrier avalanche multiplication. The distinct feature of this band structure is a limited width (W VB < E g ) of the upper valence band that constrains holes from acquiring enough excess energy and thus limits their participation in the avalanche multiplication. It is proposed that such a peculiar band structure can be realized in Cu-based chalcopyrite semiconductors, such as CuAl 1Àx Ga x Se 2 solid solution (x 0.45) with the optical energy gap within the visible spectrum. This hypothesis is supported by first-principle electronic structure calculations of ternary and quaternary chalcopyrite structures. It is shown that the energetic position of Cu-3d states located above the anion p-states is the critical factor for achieving a narrow upper valence band being isolated from the rest of valence states. This work opens an avenue for development of room-temperature low-noise avalanche photodetectors with a tailored band gap in the visible spectrum range.
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APPENDIX: ELECTRONIC STRUCTURE CALCULATION METHOD
The electronic structure calculations were undertaken using a density functional theory (DFT) in the framework of the full-potential linearized augmented plane wave method, which is implemented in WIEN2K package. 31 The simulation cell volume was partitioned onto non-overlapping spheres centred at the nucleus of individual atoms with an interstitial region between them. The following radii of R MT ¼ 1.9, 2.05, 2.05, 2.05, 2.15, and 2.15 Bohr were assigned to Se, Te, Al, Ga, Cu, and Ag, respectively. The product of the atomic sphere radius and of the plane wave cut-off k-vector (the so-called RK max parameter) was equal to 7 for all structures. The local density approximation (Perdew and Wang 64 parametrization) was employed for the exchange-correlation functional. The energy needed to separate core and valence electrons was set to À6 Ry, which results in treating of semicore d-electrons as valence electrons in Cu, Ag, Ga, Se, and Te. The Brillouin zone of a tetragonal body-centred primitive unit cell was sampled using a shifted 8 Â 8Â 8 Monkhorst-Pack 65 k-point mesh. Calculations were performed at the experimental values of the lattice parameters listed in Table II . Optimization of internal degrees of freedom was performed for all structures. The structural optimization was continued until the Hellmann-Feynman forces acting on the atoms reached the value of 2 mRy/Bohr or lower. DFT systematically underestimates the optical energy gap for calculated structures. This inconsistency is attributed to a well-known shortcoming of explicit density-dependent functionals, which tend to underestimate the energy gap. 66 In Figs. 3-7 and the following analysis, the so-called "scissor operator" (energy offset) was applied in order to match the theoretical energy gap with its experimental value (Table II) . 
